Abstract Diminished adult neurogenesis is known to play a key role in the pathogenesis of diverse neurodegenerative disorders such as HIV-associated neurological disorders (HAND). Cocaine, often abused by HIV-infected patients, has been suggested to worsen HIV-associated CNS disease. Mounting evidence also indicates that HIV infection can lead not only to neuronal dysfunction or loss, but can also negatively impact neurogenesis, resulting in generation of fewer adult neural progenitor cells (NPCs) in the dentate gyrus of the hippocampus, brain area critical for memory and learning. The crucial role of platelet-derived growth factor-BB (PDGF-BB) in providing tropic support for the neurons as well as in promoting NPC proliferation has been demonstrated by us previously. However, whether PDGF-BB regulates neuronal differentiation especially in the context of HAND and drug abuse remains poorly understood. In this study, we demonstrate that pretreatment of rat hippocampal NPCs with PDGF-BB restored neuronal differentiation that had been impaired by HIV Tat and cocaine. To further study the intracellular mechanism(s) involved in this process, we examined the role of transient receptor potential canonical (TRPC) channels in mediating neuronal differentiation in the presence of PDGF-BB. TRPC channels are Ca 2+ -permeable, nonselective cationic channels that elicit a variety of physiological functions.
Parallel but distinct ERK, Akt signaling pathways with downstream activation of CREB were found to be critical for neuronal differentiation. Pharmacological blocking of TRPC channels resulted in suppression of PDGF-mediated differentiation and PDGF-BB-induced activation of ERK and Akt, culminating also to inhibition of PDGF-induced activation of CREB. Taken together, these findings underpin the role of TRPC channel as a novel target regulating cell differentiation mediated by PDGF-BB. This finding could have implications for development of therapeutic interventions aimed at restoration of Tat and cocaine-mediated impairment of neurogenesis in drug abusing HAND patients.
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Background
Diminished adult neurogenesis is known to play a key role in the pathogenesis of diverse neurodegenerative disorders such as HIV-associated neurological disorders (HAND). In fact, HIV infection and drug abuse are emerging as interlinked epidemics. Cocaine, often abused by HIV-infected patients, has been suggested to exacerbate neuropathogenesis of HIV infection via upregulation of virus replication [1] , enhancing the breach of blood-brain barrier [2] , and mediating the activation of glial cells [3, 4] . It is well documented that in response to injury, in addition to the glial cells, the neuronal progenitor cells (NPCs) that can both proliferate and differentiate leading to restoration of neuronal homeostasis are the key players of the host protective response. Since HIV Tat and cocaine co-operatively mediate cognitive impairment, it is plausible that not only are these two agents impacting neuronal loss/injury but that they can also impair the ability of NPCs Lu Yang and Xufeng Chen contributed equally to this work.
to mediate appropriate neurogenesis, leading to generation of fewer adult neural progenitor cells (NPCs) in the dentate gyrus of the hippocampus, an important region for memory and learning [5] . While our previous studies have demonstrated that HIV Tat together with cocaine can significantly inhibit the proliferation of NPCs, whether the two can also inhibit neuronal differentiation remains unexplored and is the focus of this study.
Neuronal progenitor cells are of importance in brain therapeutics owing to their capacity to differentiate into neuronal cells, thereby, representing a potential source for neuronal replacement. These cells also serve as a model for studying factors controlling early stages of neuronal differentiation. Diverse family of neurotrophins such as fibroblast growth factor (FGF) and brain-derived neurotropic factors (BDNF) are known to control neurogenesis by maintaining neuronal homeostasis via a range of signaling mechanisms [6] . Studies from our lab have identified the role of platelet-derived growth factor-B chain (PDGF-B) as a critical factor that reverses neuronal toxicity mediated by HIV Tat and cocaine while also promoting proliferation of NPCs [7] . The dimeric isoform of PDGF-B chain (PDGF-BB) has also been implicated as a key factor in the developing postnatal rat brains [8] . Whether PDGF-BB can also facilitate neuronal differentiation has never been explored before and was the focus of the current study.
Similar to early neural development in vivo, several signaling pathways and related transcription factors play important roles in the regulation of cell growth and differentiation of NPCs. It has been shown that the mitogen-activated protein kinase (MAPK) pathway is of particular interest since its activation is critical for cell survival, differentiation, and growth during neural development [9, 10] . Previous studies have identified the role of extracellular signal-regulated protein kinase (ERK) and phosphoinositide-3-kinase (PI3K)/Akt pathways in PDGF-BB-mediated protection of NPCs against HIV Tat and cocaine toxicity [7] . Following activation with PDGF-BB, ERK is translocated to the nucleus, leading to downstream activation of the transcription factors such as the cAMP-response element-binding protein (CREB), that ultimately lead to increased neuronal survival [11] . While the role of signaling pathways in neuronal survival is well recognized, the roles of ERK and Akt pathway and the potential downstream transcription factor CREB in neuronal differentiation remain less clear. In addition, recent studies have identified that activation of transient receptor potential canonical channels (TRPC), that belong to a family of Ca 2+ -permeable, nonselective cation channels, is critical for neuronal development in various models [12, 13] . TRPCs are formed by homomeric or heteromeric complexes of TRP proteins that constitute at least six subfamilies: TRPC (TRP-canonical), TRP-vanilloid, TRPM (TRP-melastatin), TRP-mucolipins, TRPPs (TRPpolycystins), and TRPA1 (TRP-ankyrin transmembrane protein 1). These channels are important in various physiological processes ranging from sensation to male fertility [12] . Our previous findings have demonstrated that PDGF-BBmediated protection of neurons against HIV Tat-mediated neurotoxicity and NPC proliferation involved the TRPC channels-both in vitro and in vivo [14] . We thus sought to examine whether TRPC channels were also essential for neuronal differentiation mediated by PDGF-BB and, if so, what were the downstream effectors of TRPC channel activation.
In this study, we provide direct evidence that PDGF-BB reverses HIV Tat and cocaine-mediated impairment of neuronal differentiation. We demonstrate distinct signaling pathways-TRPC/ERK as well as PI3K/Akt to play a role in this process. We also confirmed the activation of CREB in PDFG-BB-mediated differentiation of NPCs. Our data support the possibility that PDGF signaling can be harnessed as an adjunctive therapy in HIV-infected cocaine-abusing individuals by actively promoting neurogenesis.
Results
Selective Neuronal Differentiation of NPCs Mediated by PBDG-BB Exposure
Newly generated neural cells undergo differentiation before they mature and become functional. An essential step for therapeutic and research applications of stem cells is their ability to differentiate into specific cell types. Neuronal cells are of great interest for medical treatment of neurodegenerative diseases; however, efforts to generate these cells have been met with only modest success. Having determined the role of PDGF-BB in promoting proliferation in our previous studies [15, 16] , it was of interest to investigate the role of PDGF-BB (100 ng/ml) in the differentiation of NPCs. Nestin, a class VI intermediate filament protein which is highly expressed in NPCs and does not express in differentiated cells, has been utilized as a biological marker to identify undifferentiated NPCs [17] . The differentiation rates of NPCs on the 1st, 3rd, and 5th days after PDGF-BB treatment were determined by immunoblotting as well as quantitative PCR. As shown in Fig. 1a, b , there was significant decrease of nestin expression in PDGF-BB-exposed group on day 3 and 5. We also confirmed that the viability of the differentiated NPCs after PDGF-BB exposure was not reduced as shown in Fig. 1c . These experimental results demonstrated that PDGF-BB treatment significantly enhanced neuronal differentiation of NPCs without reducing the viability of NPCs.
The next step was to identify the specific types of cells generated from NPCs following PDGF-BB exposure. β-IIItubulin is a cytoskeletal protein whose expression increases during axonal outgrowth, and it is expressed exclusively by neurons and considered to be a specific marker for neurons. Glial fibrillary acidic protein (GFAP), which is thought to maintain mechanical strength and shape of cells, is primarily expressed by astrocytes. Immunostaining of cells with the respective cell-specific markers was used to determine the phenotype of differentiated NPCs following PDGF-BB exposure for 5 days. As evident in Fig. 1d , PDGF-BB exposure resulted in alterations in cellular morphology with formation of neurites and cell body extensions. This was further confirmed by immunoblotting analysis shown in Fig. 1e -g. Results indicated that exposure of NPCs to PDGF-BB resulted in a time-dependent increase in the expression of the neuronal marker (β-III-tubulin), with a concomitant decrease in the expression of astrocyte marker (GFAP). These findings thus suggested that PDGF-BB stimulated neuronal differentiation while inhibiting astrocyte differentiation. Thus, our results indicated that PDGF-BB treatment can effectively promote in vitro differentiation of NPCs predominantly into cells of the neuronal lineage.
PDGF-BB Reverses HIV-1 Tat and Cocaine-Mediated Impairment of Neuronal Differentiation
Our previous studies have illustrated the important role of PDGF-BB in ameliorating HIV Tat and cocaine-mediated reduction of NPC proliferation, so, we next sought to examine the role of Tat and cocaine in mediating neuronal differentiation of NPC. To assess the effect of Tat and cocaine on neuronal differentiation, NPCs were exposed to cocaine (10 μM) and Tat (100 ng/ml) and assessed for neuronal differentiation maker at various time points (1, 3, and 5 days). Both Tat and cocaine concentrations used in our study are in the physiological range as reported previously [3] . As shown in Fig. 2a , exposure of NPCs with Tat and cocaine resulted in decreased expression of β-III-tubulin compared with the control groups and this effect was time-dependent. Interestingly, in the 5-day treatment group, we were unable to determine the neuronal phenotype in differentiated NPCs (Fig. 2b) . These findings thus suggested that both Tat and cocaine impaired NPC differentiation with decreased differentiation towards the neuronal phenotype. Since PDGF-BB can reverse NPC proliferation defect mediated by Tat and cocaine, we thus examined that whether PDGF-BB can also promote neurogenesis by enhancing differentiation of NPCs towards a neuronal lineage. We thus next sought to examine the role of PDGF-BB-mediated differentiation of NPCs exposed to HIV Tat and cocaine. NPCs were treated with or without Tat and cocaine followed with PDGF-BB (100 ng/ml) treatment for 5 days and assessed for differentiation of neuronal maker β-III-tubulin. As shown in Fig. 2c , immunoblotting analysis indicated that PDGF-BB significantly reversed Tat and cocaine impaired neuronal differentiation by upregulating the expression of β-III-tubulin. To confirm specific neural cell lineages, quantitative PCR was used to measure gene expression after the PDGF-BB treatment. In Fig. 2d , the results showed that Tat and cocaine exposure downregulated β-III-tubulin expression thereby indicating that the number of neuronal differentiated NPCs was much less compared to the untreated control group. PDGF-BB treatment significantly reversed Tat and cocaine-mediated downregulation of gene expression for β-III-tubulin. This result was also confirmed by immunostaining as shown in Fig. 2e . Taken together, these findings suggested that PDGF-BB plays an important role in reversing HIV Tat and cocaine-mediated impairment of neuronal differentiation. Based on the premise that Ca 2+ signaling plays a key role during the three critical steps of neurogenesis: proliferation, differentiation, and migration. All of these processes have also been shown to be Ca 2+ dependent. A deeper digesting of how Ca 2+ signaling contributes to PDGF-BB-mediated neuronal differentiation in the presence of HIV Tat and cocaine is crucial for studying the underlined intracellular mechanism in this process. To study the effect of PDGF-BB on the intracellular Ca 2+ level, we measured Ca 2+ transients by Fluo-4 dependent Ca 2+ imaging. Exposure of NPCs to PDGF-BB triggered rapid and sustained intracellular Ca 2+ elevation in NPCs (Fig. 3a) . This response was also observed in NPCs in the presence of HIV Tat and cocaine (Fig. 3b) . Based on our previous studies that TRPC channels function as Ca 2+ influx channels and they contribute to PDGF-BB-mediated neuronal survival in the presence of HIV Tat and cocaine. We rationalized that PDGF-BB initiates Ca 2+ transients via TRPC channels which contribute to PDGF-BB-mediated neuronal differentiation in the presence of HIV Tat and cocaine in NPCs. NPCs were pretreated with the TRPC blocker SKF96365 followed by PDGF-BB exposure and subsequently assessed for Ca 2+ signaling in the presence or absence of Tat and cocaine. Pretreatment of NPCs with SKF96365 resulted in failure of PDGF-BB to initiate Ca 2+ transients (Fig. 3c) . Additional validation of the role of extracellular Ca 2+ influx in PDGF-BB-mediated Ca 2 + transients was supported by pretreating the cells with EGTA, which resulted in suppression of PDGF-BB-mediated Ca 2+ response in NPCs (Fig. 3c) .
TRPC Channels Are Critical for PDGF-BB-Mediated Increase of Neuronal Differentiation of NPCs
Since TRPC channels have been shown to play an important role in PDGF-BB-mediated neurogenesis, we rationalized that PDGF-BB will promote neurogenesis by enhancing 2+ fluorescence intensity at the maximal amplitude in NPCs exposed to Tat + cocaine and/or PDGF-BB in the absence or presence of indicated drugs (SKF96365 20 μM; EGTA 2 mM). **P<0.01 versus control group differentiation of NPCs towards a neuronal lineage through activation of TRPC pathway and that Ca 2+ influx through TRPC channels is a prerequisite for increased neurogenesis mediated by PDGF-BB. To study the effect of TRPC channels on neuronal differentiation mediated by PDGF-BB, NPCs were pretreated with the pan TRPC inhibitor SKF96365 (20 μM) followed PDGF-BB exposure. Our results indicated that the TRPC blocker abolished PDGF-BB-mediated increase in neuronal differentiation (Fig. 4a, b) , thus, underscoring the important role of TRPC in PDGF-BBmediated neuronal differentiation. Next, we sought to examine the role of TRPC channels in PDGF-BB-mediated neuronal differentiation in the presence of Tat and cocaine. Pretreatment of NPCs with SKF96365 resulted in failure of PDGF-BB to rescue Tat and cocaine-mediated inhibition of neuronal differentiation (Fig. 4c, d ). Additional validation of the role of extracellular Ca 2+ influx in PDGF-BB-mediated neuronal differentiation of NPCs was supported by pretreating the cells with EGTA, which resulted in suppression of neuronal differentiation mediated by PDGF-BB (Fig. 4e, f) . Fig. 4 Ca 2+ transients via activation of TRPC channels contribute to PDGF-BB-mediated neuronal differentiation. a Expression of neuronal maker β-III-Tubulin was determined from NPCs exposed to PDGF-BB in the absence or presence of TRPC channels inhibitor SKF96365 (20 μm) by western blot analysis and b the quantification of blot density. *P<0.05 versus control group; # P<0.01 versus PDGF-BB treated group. c, d Western blot analysis showing the effect of TRPC channels on PDGF-BB-mediated protective effect of neuronal differentiation from HIV-Tat and cocaine treatment in NPCs. NPCs were pretreated with TRPC channels inhibitor SKF96365 followed by assessment of β-III-tubulin expression level. e, f Western blot analysis showing the effect of calcium on PDGF-BB-mediated protective effect of neuronal differentiation from HIV-Tat and cocaine treatment in NPCs. NPCs were pretreated with calcium chelator EGTA (2 mM) followed by assessment of β-III-tubulin expression level. The data are presented as mean±SD of three individual experiments. *P<0.05 versus control group; **P<0.01 versus control group; #P<0.05 versus both PDGF and HIV Tat and cocaine-treated group The MAPK and PI3K/Akt pathway has been demonstrated to play a crucial role in PDGF-BB-mediated NPC and neuronal proliferation based on previous reports from others as well as us. It was therefore of interest to examine the effect of ERK and Akt in PDGF-BB-mediated neuronal differentiation of NPCs. Exposure of NPCs to PDGF-BB resulted in sustained activation of ERK as well as PI3K/Akt pathways (Fig. 5a) . Having determined the role of TRPC channels in PDGF-BBmediated neuronal differentiation, we next wanted to examine the role of these channels in PDGF-BB-mediated activation of ERK and Akt. Interestingly, pretreatment of NPCs with SKF96365 significantly attenuated PDGF-BB-induced ERK but not Akt phosphorylation, thereby, suggesting that PDGF-BB-mediated activation of ERK rather than Akt involved TRPC signaling (Fig. 5b) . The functional role of PDGF-BBinduced ERK/Akt activation was further corroborated by detecting presence of neuronal markers in differentiated NPCs. In cells pretreated with either the ERK inhibitor U0126 or the PI3K/Akt inhibitor LY294002, PDGF-BB failed to exert its protective effect (Fig. 5e) , thereby, underpinning the role of ERK and AKT in PDGF-BB-mediated neuronal differentiation. To specifically confirm the role of EKR/Akt activation in PDGF-BB-mediated neuronal differentiation in the presence of Tat and cocaine, we again sought the approach of pharmacological inhibitors. By pretreating NPCs with ERK as well as Akt inhibitors, PDGF-BB failed to restore Tat and cocainemediated loss of neuronal differentiation (Fig. 5f ).
Activation of Downstream Transcriptional Factor CREB by PDGF-BB Rescues Tat and Cocaine-Mediated Impairment of Neuronal Differentiation
To examine the role of CREB in PDGF-BB-mediated neuronal differentiation, NPCs were pretreated with the protein kinase A (PKA) inhibitor H89 (10 μM) and assessed for differentiation of NPCs. As shown in Fig. 6a , c, Tat and cocaine inhibited nucleus translocation of CREB, which was reversed following PDGF-BB treatment. Pretreatment with the PKA inhibitor on the other hand, resulted in significant decrease in PDGF-BB-mediated nuclear translocation of CREB in Tat and cocaine exposed cells. The next logical step was to examine the functional relevance of CREB in PDGF-BB-mediated neuronal differentiation of NPCs in the presence of Tat and cocaine. As shown in our findings, in NPCs pretreated with H89 inhibitors, PDGF-BB failed to rescue Tat and cocainemediated loss of neuronal differentiation (Fig. 6b, d ). The role of CREB activation in PDGF-BB-induced neuronal differentiation was further confirmed by siRNA approach to knock down the expression of CREB in NPCs transfected with siRNA specific target on CREB (Fig. 6e) . From our result (Fig. 6f) , CREB knockdown using siCREB resulted in the similar response as the pharmacologic inhibitor H89 we used previously. We future validated our studies by immunostaining of neuronal marker in different experimental groups, which also confirmed that inhibition of CREB activity significantly blocked PDGF-BB-mediated neuronal differentiation in the presence of cocaine and Tat (Fig. 6g) . Taken together, these data suggested that CREB pathway was involved in PDGF-BB-mediated neuronal differentiation of NPCs, and that this pathway also contributed to the PDGF-BBmediated protection of NPCs from Tat and cocaine-mediated impairment of neurogenesis.
Discussion
Previous findings from our lab have demonstrated critical roles of the neurotropic factor-PDGF-BB in promoting NPC proliferation as well as in neuronal survival against HIV Tat and cocaine-mediated neurotoxicity [7, 14] . The present study was aimed at exploring whether PDGF-BB was robust in also modulating neuronal differentiation of NPCs in the presence of HIV Tat and cocaine in vitro. Our findings demonstrate that PDGF-BB was able to reverse the co-operative impairment of neuronal differentiation of NPCs mediated by both HIV Tat and cocaine. We identified a novel role of the Ca 2+ -permeable channel TRPC in PDGF-mediated neuronal differentiation of NPCs. We also demonstrated that exposure of NPCs to exogenous PDGF-BB activated TRPCs, leading in turn, to activation of downstream ERK signaling, followed by nuclear translocation of CREB, ultimately culminating in neuronal survival. Consistent with our previous studies, we also found that PDGF-mediated activation of Akt was independent of TRPC channel activation and was also a pathway contributing to PDGF-BB-mediated neuronal differentiation of NPCs.
Active neurogenesis occurs throughout life and relies upon the orchestrated processes involving proliferation, differentiation, and migration and is regulated by a variety of pathological as well as physiological stimuli including neurotropic factors [18, 19] . Both HIV viral proteins as well as drugs of abuse such as cocaine can negatively affect the self-renewal capacity of the hippocampus by diminishing the proliferative rate of NPCs [5, 20] . In this study, we confirmed the effect of PDGF-BB-mediated neuronal differentiation in rat primary NPCs, In addition, our results also demonstrated that HIV Tat and cocaine-mediated impairment of neuronal differentiation was reversed by exposure of cells to PDGF-BB. In agreement with these studies, PDGF-BB has been previously implicated as a crucial factor for both neurogenesis as well as neuroprotection in several neurodegenerative disease models [21, 22] . Furthermore, pretreatment of PDGF-BB is known to induce striatal neurogenesis in a Parkinsonian rat model of 6-hydroxydopamine lesions [22] . It has also been reported that the expression level of PDGF-BB was significantly increased following stroke and was closely linked to stroke-induced neurogenesis and neuronal differentiation [23] .
A novel finding of this study is the role of TRPC in PDGF-BB-mediated reversal of neuronal differentiation mediated by HIV Tat and cocaine. The mammalian TRPC channel family consists of seven members, TRPC1-7, which appear to function as receptor-operated channels responsible for Ca 2+ influx. Our previous reports indicated the involvement of TRPC signaling in PDGF-BB-mediated proliferation of NPCs, and this involved activation of Ca 2+ signaling pathway leading to downstream mediators promoting neuronal proliferation. Intriguingly, other reports have also demonstrated the protective role of TRPC1 in MPTP-induced toxicity in SH-SY5Y cells [24] . More recent studies have also shed light on the mechanisms underlying the activation of TRPC channels by another growth factor such as brain-derived neurotropic factor [25] . Ca 2+ has also been known to mediate cell differentiation. In fact, TRPC channel has been known to function as the Ca 2+ influx channel. As shown in this study, pretreatment of cells with EGTA, an extracellular Ca 2+ chelator used to exclude extracellular Ca 2+ , was able to successfully block PDGF-BB-mediated neuronal differentiation. Our results indicated that influx of Ca 2+ following activation of TRPC channel by PDGF-BB is a prerequisite for neuronal differentiation mediated by the growth factor. This lends credence to the idea that TPRC channels can be envisioned as promising targets for promoting neurogenesis in HIV-infected cocaine-abusing individuals.
In the present study, we also demonstrated that PDGF-BBmediated reversal of neuronal differentiation involved activation of ERK as well as PI3K/Akt pathways. ERK activity was important for neuronal differentiation of NPCs, and this is in keeping with previous reports. For example, studies by Colomno et al. provided evidence that insulin-like growth factor modulated NPC differentiation and growth through activation of the MAPK pathway [26] . Another finding also demonstrated that somatic NPC cultures required activation of the ERK signaling pathway to sustain proliferation and neuronal differentiation of the P19 stem cells [27] . In fact, influx of Ca 2+ is known to regulate numerous physiological processes through a wide range of target proteins including ERK activation, which is essential for neuronal survival [28, 29] . Consist with these findings, our results also indicate that upon activation of the TRPC calcium channel by PDGF-BB, activation of ERK signaling was crucial for PDGF-mediated neuronal differentiation of NPCs. Furthermore, in this study, we also showed that PDGF-mediated neuronal differentiation against HIV Tat and cocaine involved activation of PI3K/Akt pathway, an effect that was in agreement with previous reports demonstrating that PDGF stimulated PI3K/Akt pathways in various other cell types [29] [30] [31] . Interestingly, PDGFmediated activation of Akt was independent of TRPC channel activation, since TRPC inhibitor failed to inhibit PDGFmediated Akt phosphorylation.
The transcription factor CREB has emerged as a major regulatory factor for neuronal survival mediated by growth factors such as PDGF-BB [32, 33] . Our findings also unraveled the role of CREB in PDGF-BB-mediated modulation of neuronal differentiation in the presence of HIV Tat and cocaine. We detected a significant increase in CREB translocation into the nucleus in NPCs exposed to PDGF-BB compared with the cells not treated with the growth factor. Further dissection of CREB pathway was done using the pharmacologic approach wherein it was identified that the ERK and PI3K/Akt pathway were upstream of CREB and played an essential role in PDGF-BB-mediated modulation of neuronal differentiation in the presence of HIV Tat and cocaine exposure. These findings were also consistent with our previous report suggesting the role of CREB in PDGF-BB-mediated neuroprotection against HIV Tat [7] .
Our findings have demonstrated PDGF-BB promotes neuronal differentiation and reverses the impairment mediated by HIV Tat and cocaine. Our results also illustrate the detailed molecular pathway by which PDGF-BB mediates neuronal differentiation of NPCs involving activation of TRPC channels, leading to Ca 2+ influx, which in turn, triggers activation of ERK and the downstream transcription factor CREB. Our findings also implicate another independent PI3K/Akt pathway in this process. Taken together, our findings suggest that PDGF-BB-mediated neuroprotection plays an important role against HIV Tat and cocaine-mediated impairment of neuronal differentiation. A better understanding of these molecular pathways could be critical for the development of therapeutic strategies against HAND.
